mediated by Ca 2/ -activated K / channels. When we replaced the 2 from 1 to 10 ms, and is mediated primarily by voltage-gated mM Ca 2/ in the bathing solution with Mn 2/ , there was a significant K / channels. The fAHP is followed by a more prolonged decrease in the amplitude of the mAHP after a spike. The decrease hyperpolarization, the mAHP, which lasts from 50 to several in mAHP amplitude resulted in a decrease in the magnitude of the initial phase of spike-frequency adaptation as has been reported hundred milliseconds (cf. Fig. 3A ). The mAHP is mediated previously by others. However, quite unexpectedly we also found by Ca 2/ -activated K / channels. In some cells, a third phase, that reducing the mAHP resulted in a dramatic increase in the the slow AHP (sAHP), occurs with a rise time of several magnitude of both the early and late phases of adaptation. These hundred milliseconds and lasts for several seconds. The changes could be reversed by restoring the normal Ca 2/ concentra-mAHP has been implicated strongly in the initial phase of tion in the bath. Our results with ouabain indicate that the Na / -adaptation (Baldissera and Gustaffson 1974; Barrett et al. K / pump plays little, if any, role in the three phases of adaptation 1980; Kernell and Sjoholm 1973) . The increase in mAHP in rat hypoglossal motoneurons. Our results with Ca 2/ channel amplitude and its underlying conductance over the first few blockade support the hypothesis that initial adaptation is, in part, interspike intervals is correlated with the decrease in firing controlled by conductances underlying the mAHP. However, our rate Gustafsson 1971, 1974; failure to eliminate initial adaptation completely by blocking Ca 2/ channels suggests that other membrane mechanisms also contrib-al. 1978; Barrett et al. 1980; Jack et al. 1975; Kernell and ute. Finally, the increase in both the early and late phases of adapta-Sjoholm 1973). This increase in mAHP amplitude would tion in the presence of Mn 2/ block of Ca 2/ channels lends further be expected to reach its limit within the period of initial support to the hypothesis that the initial and later (i.e., early and adaptation, although long stimulus current pulses (ú500 ms) late) phases of spike-frequency adaptation are mediated by differ-could prolong the duration of the mAHP and presumably ent cellular mechanisms. the temporal summation of the underlying conductance beyond this period (Barrett et al. 1980) . However, despite the correlation between the changes in the mAHP and initial I N T R O D U C T I O N adaptation, there have been conflicting reports on the effects In response to a constant-current stimulus, motoneurons of blocking the conductances underlying the mAHP on the display a pronounced reduction in firing rate during the first early time course (1-2 s) of adaptation (Lorenzon and second of discharge followed by a more gradual decline in Foehring 1992; Nishimura et al. 1989; Pineda et al. 1992 ; frequency that continues during tens of seconds or even Staley et al. 1992; Viana et al. 1993) . several minutes (Granit et al. 1963; Kernell 1965a,b; Several processes with slower time courses have been and Monster 1982; reviewed in . The time proposed as contributors to the later phases of adaptation in course of this spike-frequency adaptation in rat hypoglossal motoneurons and several other types of neurons (Table 1) . motoneurons generally has three distinct phases: initial, These include slow sodium channel inactivation (Basarsky early, and late (Sawczuk et al. 1995) . In these cells, initial and French 1991; Fleidervish and Gutnick 1996; Fleidervish adaptation is a linear function of time and is complete after reviewed in Jack et al. 1975 ), a slowly activated potassium conductance (reviewed in Jack et al. 1975) , activthe first few action potentials of sustained repetitive dis- Sawczuk et al. (1995) . Relative magnitude values are means { SD. mAHP, medium-duration after hyperpolarization; SAHP, slow AHP. Mechanism references:
a Baldissera and Gustaffson 1971 , Baldissera et al. 1978 , Barrett et al. 1980 (Hounsgaard et al. 1988) , as well as the activation of a 5% CO 2 -95% O 2 (carbogen) throughout the experiment. sAHP with an even slower time course (cf. Schwindt et al. 1988b) . It is likely that more than one of these hypothesized Experimental protocols mechanisms contribute to the later phases of adaptation, even within a given cell type. For example, recent evidence sugIntracellular recordings were made from hypoglossal motoneugests that both slow sodium channel inactivation (Fleider-rons with glass micropipettes filled with 3 M KCl (resistances of vish et al. 1996) and the activation of a slow afterhyperpolar-30-80 MV). Motoneuron identity was based on the similarity of its ization (Schwindt et al. 1988b ) can contribute to the later intrinsic properties to the published results of previous investigators (Haddad et al. 1990; Mosfeldt-Laursen and Rekling 1989; Nunez- phases of adaptation in mammalian neocortical neurons. Abadez et al. 1993; Poliakov et al. 1996; Sawczuk et al. 1995;  The goal of this study was to assess the contributions of Viana et al. 1990 Viana et al. , 1993 . After impalement of cells with membrane two outward currents that have been proposed as contributors potentials ú60 mV, we measured rheobase by injecting 50-ms to spike-frequency adaptation: the net outward current genercurrent pulses, input resistance by injecting 500-ms pulses, and ated by the electrogenic Na / -K / pump and the outward the relationship between firing frequency and injected current ( fcurrent that flows through Ca 2/ -activated K / channels. We I relation) with a series of 1-s current steps of different magnitude. found that bath application of ouabain to slices of the rat We measured the time required for the membrane potential to brain stem produced a partial block of Na / -K / pump activ-return to 1/e of its maximum value after the depolarizing pulses ity but no significant change in any of the three phases of to estimate the membrane time constant (t m ) (cf. Mosfeldt-Laursen spike-frequency adaptation. When we blocked Ca 2/ -acti-and Rekling 1989). Spike-frequency adaptation was measured by injecting a series of 60-s constant-current steps into the motoneuvated K / channels with Mn 2/ , there was a significant derons. We generally used several different current levels and comcrease in the amplitude of the mAHP after a spike and a pleted as many as 15 trials in a single cell, including trials before, decrease in the magnitude of the initial phase of spike-freduring, and after modifications were made in the bathing solution.
quency adaptation. There was also a dramatic increase in
After each adaptation trial, rheobase and spike height were remeathe magnitude of both the early and late phases of adaptation. sured. All of these changes could be reversed by restoring the normal Ca 2/ concentration in the bath.
Ouabain block of Na / -K / ATPase Preliminary accounts of some of these data have been previously presented Binder 1992-1994) .
To assess the possible contribution of Na / -K / pump activity to spike-frequency adaptation, N-ACSF containing from 4 to 20 mM ouabain was introduced into the chamber after recording an initial
series of adaptation trials at several different current strengths. (Ouabain concentrations ú20 mM generally resulted in broad, short Our preparation of rat brain stem slices and techniques for making intracellular recordings from hypoglossal motoneurons were spikes and eventual cessation of repetitive discharge. In view of this toxic effect of ouabain, trials only were accepted for analysis identical to those detailed in two recent papers from this laboratory (Poliakov et al. 1996; Sawczuk et al. 1995) . Briefly, the brain if regular discharge was observed throughout the 60-s trials). At least 5 min elapsed before retesting the responses of the cell to stems were removed from young, adult Sprague-Dawley rats (3-8 wk old) after anesthesia by an intramuscular injection of a mix-another series of 60-s trials. Subsequently, the ouabain solution was washed-out for ¢10 min, and if the cell's discharge remained ture of ketamine and xylazine (Ç68 and 4 mg/kg, respectively). Slices (400 mm) were cut and maintained in cooled, oxygenated robust, another series of adaptation trials was performed. The efficacy of the ouabain in blocking the pump was determined off-line artificial sucrose-cerebral spinal fluid (S-ACSF) composed of (in mM) 220 sucrose, 2.0 KCl, 1.25 NaH 2 PO 3 , 26 NaHCO 3 , 2.0 by comparing the postdischarge hyperpolarization (PDH) after 60-s trials before, during, and after the ouabain application. The PDH MgCl 2 , 2.0 CaCl 2 , and 10 glucose. Final incubation and electrical was referred to the cell's resting membrane potential just before the onset of each period of repetitive firing.
Manganese block of calcium channels
We substituted 2 mM Mn 2/ for the 2 mM Ca 2/ in the N-ACSF bath solution to block Ca 2/ -activated K / channels. The NaH 2 PO 3 also was eliminated from the bathing solution to prevent chelation of the Mn 2/ . The efficacy of the Mn 2/ -block was assessed by monitoring the reduction in amplitude of the mAHP after action potentials evoked by short current pulses (cf. Fig. 3A) . Multiple trials were performed in the presence of Mn 2/ , both at current levels used in the preceding control trials and whenever possible at current levels that reproduced the initial firing frequencies generated in the control trials. Wash-out of the Mn 2/ was monitored by observing the restoration of the mAHP amplitude to its control value. Post-Mn 2/ adaptation trials were performed whenever the in rat hypoglossal motoneurons. Gray trace shows the instantaneous firing rate of a cell in response to a 60-s suprathreshold step of injected current. f i is the instantaneous frequency calculated from the reciprocal of the 1st interspike interval, f t is the frequency attained at the end of the initial
Data analysis
(linear) phase of spike-frequency adaptation, and f f is the average firing frequency during the last second of discharge. Black line is a double expoOur procedures for off-line analysis of motoneuron properties, nential fit to the time course of firing frequency from f t to f f , obtained by including repetitive firing behavior and spike-frequency adaptation, ''peeling'' off the longest exponential fit and fitting a 2nd exponential curve have been detailed in several recent publications from this labora-to the remainder (cf. METHODS ). Inset: expanded view of the 1st 2 s of tory (Poliakov et al. 1996; Powers and Binder 1995; Powers et al. discharge illustrates that a single exponential curve does not fit the early 1993; Sawczuk et al. 1995) . Cells were selected for detailed analy-time course of firing rate immediately after initial adaptation. sis based on the guidelines established by Mosfeldt-Laursen and Rekling (1989) : maintained resting membrane potentials ú 55 R E S U L T S mV; input resistances ú 5 MV; and time constants ú 2 ms.
Analysis of spike-frequency adaptation as defined in Sawczuk
Recordings from 15 rat hypoglossal motoneurons were et al. (1995) was performed on every long trial of repetitive dis-accepted for analysis based on their ability to produce charge. The initial linear decline in discharge rate with respect to steady, repetitive discharge both before and during altertime was calculated as the difference between the initial firing rate, ation of outward currents. All but three of these cells were f i , and the transition firing rate, f t (cf. Fig. 1 ). The subsequent part of the database presented in Sawczuk et al. ( 1995 ) . exponential decline in firing rate was measured as the difference between f t and the average firing rate during the last second of Unless otherwise stated, all trials followed the protocol discharge ( f f ). First, a single exponential fit was attempted that outlined in METHODS .
had the form
Effects of ouabain on spike-frequency adaptation
Spike-frequency adaptation was studied before, during, where K L is the magnitude and t L is the time constant of the later phase of adaptation. When this single exponential fit failed to and after bath application of ouabain at concentrations of account for the entire drop in firing rate, the time course of the 4-20 mM. Reduction of the amplitude of the membrane later phases of adaptation ( f t to f f ) was fit with the sum of two hyperpolarization after 60 s of discharge (PDH) was the exponential functions by ''peeling away'' the fit to the first expo-criterion used to indicate successful block of pump activity nential curve and fitting the remainder with a second exponential (cf. METHODS ). Seven cells were accepted for analysis based function (Sawczuk et al. 1995; Spielmann et al. 1993) . The inset on ouabain-induced reduction of the PDH ú2 mV. There in Fig. 1 illustrates this method and shows that this firing rate-time was a strong correlation between the percentage of PDH plot was best described by a double exponential function. Thus the reduction (measured at 500 ms after current offset) and the entire time course of adaptation for the trial in Fig. 1 eliminated the PDH as previously reported for other types Paired t-tests were used to compare the motoneuron responses of neurons (Parker et al. 1996; Schwindt et al. 1988b Schwindt et al. , 1989 .
to identical 60-s current steps before and during the application of The addition of ouabain to the bathing solution had no ouabain (postouabain trials were generally not available). Since significant effect on spike-frequency adaptation during 60 the replacement of Ca 2/ with Mn 2/ changes the f-I relation (e.g., s of repetitive discharge for any of the seven cells. The Nishimura et al. 1989; Viana et al. 1993 ) (RESULTS), the responses mean magnitude of initial adaptation ( f i 0 f t , cf. Fig. 1 ) to a range of current step amplitudes were compared before, during, was nearly identical before and during ouabain application and after Mn 2/ using a one-way analysis of variance (ANOVA Figure 2A t-tests, using the Bonferroni/Dunn correction for multiple comparisons.
a motoneuron in response to the same 60-s current pulse eight cells were accepted for analysis. The remaining two cells produced acceptable discharge before and after the before and during ouabain application. Figure 2B shows the reduction of the PDH in this cell with bath application Mn 2/ substitution but would not discharge for more than a few seconds in the presence of Mn 2/ . Changes in the mAHP of ouabain. The 8-mV reduction in the PDH of this cell was Ç31% of the total PDH magnitude. The magnitude of after single action potentials were monitored during Mn 2/ wash-in and wash-out and between 60-s trials with Mn 2/ spike-frequency adaptation after the initial phase ( f t 0 f f , cf. Fig. 1 ) was not significantly affected by the application (cf. METHODS ). Analysis of spike-frequency adaptation in Mn 2/ was limited to trials collected after the amplitude of of ouabain ( 17.7 { 9.6 imp / s before vs. 17.6 { 8.3 imp / s during ouabain, paired t Å 0.06, P Å 0.96 ) nor was the the mAHP had been reduced to õ50% of its control value. Figure 3A shows the loss of the mAHP after a single spike magnitude of the early phase of this adaptation ( 6.6 { 5.4 imp / s before ouabain vs. 5.2 { 3.8 imp / s with ouabain, during Mn 2/ wash-in and its return during Mn 2/ wash-out. The marked decrease in the mAHP in the presence of Mn 2/ paired t Å 0.68, P Å 0.52 ) .
Due to the progressive toxicity of ouabain (see METHODS ), led to a decrease in the initial phase of spike-frequency adaptation and an increase in the later phases of adaptation. we could obtain only acceptable postouabain recordings from three of the seven cells studies. In these cells, the This latter effect is illustrated in Fig. 3, B-D, which shows the time course of spike-frequency adaptation at three differcharacteristics of spike-frequency adaptation after ouabain wash-out were quite similar to those obtained before and ent current levels before (Fig. 3 B) , during (Fig. 3C) , and after ( Fig. 3D ) perfusion with the Mn 2/ solution. The total during the ouabain treatment. All of these results indicate that membrane hyperpolarization due to activation of the amount of adaptation after the initial phase ( f t 0 f f ) is clearly larger during Mn 2/ perfusion than it was either before or Na / -K / pump does not make a significant contribution to spike-frequency adaptation in rat hypoglossal motoneurons. after in the normal ACSF. This effect of Mn 2/ was significant over the entire sample of trials (one-way ANOVA, P õ 0.001): the mean magnitudes of the later phases of spikeManganese block of calcium channels frequency adaptation ( f t 0 f f ) were 9.5 { 4.6 imp/s (n Å Ten motoneurons were studied before and after the substi-16) for the pre-Mn 2/ trials, 30.8 { 7.9 imp/s (n Å 13) with tution of Mn 2/ for Ca 2/ in the bathing solution. Of these, Mn 2/ , and 12.3 { 3.7 imp/s (n Å 8) after Mn 2/ wash-out. The values obtained during Mn 2/ perfusion were significantly different from those obtained either before or after Mn 2/ perfusion (P õ0.001), whereas those obtained preand post-Mn 2/ did not differ significantly from one another (P Å 0.28). In a few cases, we also recorded 60-s trials of repetitive discharge as the Mn 2/ solution was being washed in or out, when the mAHP was blocked incompletely. We found that the increase in the later phases of spike-frequency adaptation does not appear until the mAHP is reduced by ¢50%.
At each level of injected current, the substitution of Mn 2/ for Ca 2/ led to an increase in firing rate shortly after the onset of the current step, as has been reported previously by others (e.g., Nishimura et al. 1989; Viana et al. 1993 ). Thus to study the changes in spike-frequency adaptation produced by the Mn 2/ at the same firing rate, we generally used a lower range of injected current levels during Mn 2/ perfusion than during perfusion in control ACSF. The mean values of the initial firing rates (i.e., the 1st interspike interval) were similar in Mn 2/ and control solutions (pre-Mn 2/ : 84.9 { 40.4 imp/s, Mn 2/ : 87.5 { 19.5 imp/s, post-Mn 2/ : 86.7 { 29.6 imp/s), although a wider range of initial firing rates were observed in control ACSF. Figure 4A shows the relation between the initial firing rate ( f i ) and the extent of initial adaptation ( f i 0 f t ) before (᭺), during (q), and after FIG . 2. Effects of ouabain on spike-frequency adaptation and the post-(ᮀ) the substitution of Mn 2/ for Ca 2/ . For matched initial discharge hyperpolarization (PDH). A: ouabain block of the pump does firing rates, there was less initial adaptation in the presence not significantly affect adaptation during repetitive discharge of hypoglossal of Mn 2/ than in the control solution. In contrast, for matched motoneurons as these frequency curves demonstrate. Time course of spike-initial interval firing rates, the total amount of adaptation frequency adaptation before (gray) and after (black) application of ouabain ( f i 0 f f ) was similar in Mn 2/ and control conditions (Fig. is nearly identical. B: expanded portions of the membrane potential records at the onset and offset of the injected current steps that produced the dis-4B). As a result, the initial phase of adaptation was a smaller charge records shown in A (spikes have been truncated). During ouabain percentage of the total amount of adaptation in Mn 2/ than application (black trace) the resting membrane potential was depolarized in the control conditions (pre-Mn less than pre-Mn 2/ , P õ 0.01).
J-0120-7 / 9k20$$no19 10-29-97 14:16:59 neupa LP-Neurophys The decrease in initial adaptation during Mn 2/ perfusion and the outward currents mediated by Ca 2/ -activated K / channels. We found that bath application of a 4-20 mM led to a higher firing rate at the beginning of the later phases of adaptation ( f t ). The increase in the later phases of adapta-ouabain solution produced a partial block of Na / -K / pump activity as evidenced by a marked reduction in the PDH tion might have been simply a consequence of the increase in f t , because the magnitude of a given phase of adaptation that follows a period of sustained discharge. However, we observed no significant change in any of the three phases of is correlated positively with the firing rate at the beginning of that phase (Sawczuk et al. 1995) . However, Fig. 4C spike-frequency adaptation in the presence of ouabain. illustrates that even for matched values of f t , the subsequent The Na / -K / pump, which under physiological conditions phases of adaptation were increased in the presence of Mn 2/ . is thought to be activated primarily by a rise in the internal Despite the dramatic increase in the later phases of adapta-concentration of Na / , produces a net outward current (cf. tion during Mn 2/ perfusion, the time course of adaptation Jack et al. 1975) . The increase in internal sodium produced was similar to that observed in the control ACSF. As de-by repetitive discharge therefore should lead to activation scribed above (see METHODS ), the time course of adaptation of the pump, which in turn results in a slow development after the initial phase (i.e., from f t to f f ) generally could be of a hyperpolarizing current and a decrease in discharge rate. fit by the sum of two exponential functions, which we have Although there is good evidence that activity of the Na / -taken to represent early and late phases of adaptation (Sawc-K / pump contributes to a slow phase of spike-frequency zuk et al. 1995). Perfusion with Mn 2/ did not significantly adaptation in invertebrate mechanoreceptors (French 1989 ; affect either the time constants or the relative magnitudes Sokolove and Cooke 1971), we found that reduction of the of these two phases. The mean time constant of the early pump activity with ouabain did not produce a significant phase of adaptation (t E ) was 0.28 { 0.09 s (n Å 10) and change in any of the three phases of adaptation. We do not that of the late phase (t L ) was 13.44 { 8.00 s (n Å 11) believe that this negative result was a consequence of using during Mn 2/ perfusion [compared with pre-Mn 2/ : t E Å ineffective concentrations of ouabain, because we often ap-0.27 { 0.13 (n Å 12) and t L Å 16.44 { 7.83 s (n Å 16), plied concentrations ú10 mM which have been reported to and post-Mn 2/ : t E Å 0.26 { 0.16 (n Å 5) and t L Å 10.96 { inhibit Ç70% of the pump ATPase activity in rat brain 5.36 s (n Å 8)]. The early phase of adaptation accounted (Sweadner 1979) . In addition, we found a dose-dependent for 34.0 { 19% of the decrease in firing rate from f t to f f reduction in the amplitude of the PDH; this suggests that during Mn 2/ perfusion [compared with pre-Mn 2/ : 40.2 { ouabain did inhibit pump activity. The eventual toxicity of 14.0% (n Å 16) and post-Mn 2/ : 21.6 { 27.4% (n Å 8)]. ouabain (see METHODS ) together with the possibility that pump inhibition alters the concentration gradient for K / ions (Schwindt et al. 1988b ) make the effects of ouabain difficult D I S C U S S I O N to interpret. Nonetheless, our results certainly do not support a primary contribution of Na / -K / pump activity to spikeThe intent of this study was to examine the contribution frequency adaptation in hypoglossal motoneurons. of two different types of outward currents to the spike-frePrevious studies have indicated that Ca 2/ -activated K the G KCa channels would prolong the increase in G KCa beyond the period of initial adaptation. Such increases in calcium concentration might reflect the saturation of intracellular calcium sequestering systems (Barrett et al. 1980) or release of calcium from intracellular stores triggered either by second messengers (Zhang 1989) or by calcium itself (Sah and McLachlan 1991) . Finally, another G KCa conductance that is pharmacologically distinct from that underlying the mAHP recently has been described in mammalian neocortical and hippocampal neurons (Madison and Nicoll 1984; Schwindt et al. 1988b; Storm 1990 ). This G KCa conductance contributes both to a long-lasting AHP (sAHP) after repetitive discharge and to slow spike-frequency adaptation in these cells.
We found that replacement of Ca 2/ with Mn 2/ eliminated the mAHP after single spikes and also reduced the magnitude of the initial phase of spike-frequency adaptation. These results support the hypothesis that initial adaptation is, in part, controlled by conductances underlying the mAHP. However, our failure to eliminate completely initial adaptation by blocking the mAHP suggests that other membrane mechanisms also contribute. One possibility is that the depolarization associated with the onset of repetitive discharge leads to the deactivation of an inward rectifier current (I h ), that contributes to the early decline in firing rate (Schwindt et al. 1988a; Spain et al. 1987 ). Although such currents have been shown to exist in rat hypoglossal motoneurons (Bayliss et al. 1994) , there has been no direct demonstration of their contribution to initial adaptation. Rapid changes in the inactivation of the voltage-gated sodium channels responsible for spike initiation also might contribute to initial adaptation. The onset of repetitive discharge in cat spinal motoneurons is associated with an increase in the voltage threshold for spike initiation, presumably reflecting partial inactivation of initial segment sodium channels (Schwindt and Crill 1982) .
Our results also indicate that outward currents carried by G KCa channels are not essential for the later phases of spikefrequency adaptation, lending further support to the hypothesis that the initial and later phases of spike-frequency adaptation are mediated by different cellular mechanisms . Relationship between different parameters of spike-frequency zuk et al. 1995) . The continued presence of the later phases adaptation before (᭺), during (q), and after (ᮀ) replacement of Ca 2/ with of adaptation after Ca 2/ replacement with Mn 2/ could be Mn 2/ . A: relationship between the initial firing rate ( f i ) and the magnitude the result of an incomplete Ca 2/ block that allowed some of initial adaptation ( f i 0 f t ). B: relationship between the initial firing rate ( f i ) and the total magnitude of spike-frequency adaptation ( f i 0 f f ). C: residual tissue-bound Ca 2/ to enter during prolonged repetirelation between the frequency at the end of initial adaptation ( f t ) and the tive discharge. However, the persistently reduced mAHP magnitude of adaptation after the initial phase ( f t 0 f f ).
after single directly evoked spikes suggests that Ca 2/ channels are blocked adequately. The relationship between the reduction of the mAHP and the dramatic increase in the later aptation in a variety of ways. The medium-duration hyperpolarization after an action potential (mAHP) is known to phases of adaptation also suggests that our results are not a consequence of tissue-bound Ca 2/ . increase in magnitude when successive spikes are evoked at intervals shorter than the AHP duration (e.g., Baldissera and Gustaffson 1971; Nishimura et al. 1989) . Computer Alternative mechanisms for the later phases of adaptation simulations based on motoneuron models indicate that this process of AHP temporal summation appears to contribute
The later phases of adaptation might be produced by a progressive increase in outward currents, a progressive deto the initial phase of spike-frequency adaptation (e.g., Baldissera and Gustaffson 1974; Kernell and Sjoholm 1973 ; crease in inward currents, or some combination of these two mechanisms (Table 1) . Possible outward currents include a Powers 1993). Temporal summation of the AHP across successive interspike intervals presumably reflects the fact that M current (Adams et al. 1986; Marrion 1993; Storm 1990) and a Na / -activated potassium current (Schwindt et al. the calcium concentration in the vicinity of the G KCa channels does not return to its resting level by the end of the interspike 1989). Although it is not yet known if significant M currents are present in rat hypoglossal motoneurons, Na / -activated interval. Slow increases in the calcium concentration near
